Transposable elements (TEs) have played important roles in the evolution of genes and genomes of higher eukaryotes. Among the TEs in the rice genome, miniature inverted-repeat transposable elements (MITEs) exist at the highest copy number. Some of MITEs in the rice genome contain poly(A) signals and putative cis-acting regulatory domains. Insertion events of such MITEs may have caused many structural and functional changes of genomes. The genomewide examination of MITE-derived sequences could elucidate the contribution of MITEs to gene evolution. Here we report on the MITEs in the rice genome that have contributed to the emergence of novel genes and the expansion of the sequence diversity of the genome and mRNAs. Of the MITE-derived sequences, approximately 6000 were found in gene regions (exons and introns) and 67,000 in intergenic regions. In gene regions, most MITEs are located in introns rather than exons. For over 300 protein-coding genes, coding sequences, poly(A) sites, transcription start sites, and splicing sites overlap with MITEs. These sequence alterations via MITE insertions potentially affect the biological functions of gene products. Many MITE insertions also exist in 5'-untranslated regions (UTRs), 3'-UTRs, and in the proximity of genes. Although mutations in these non-protein coding regions do not alter protein sequences, these regions have key roles for gene regulation. Moreover, MITE family sequences (Tourist, Stowaway, and others) are unevenly distributed in introns. Our findings suggest that MITEs may have contributed to expansion of genome diversity by causing alterations not only in gene functions but also in regulation of many genes.
INTRODUCTION
Transposable elements (TEs) have contributed to evolution by causing genome rearrangements and by altering the structure and regulation of individual genes (Bennetzen, 2000) . In higher eukaryotes, TEs are one of the major components of the genomes (Biémont and Vieira, 2006) . About 4% of human (Homo sapiens) genes have TEs within protein-coding regions (Nekrutenko and Li, 2001) . In humans and Arabidopsis thaliana, some functional genes were derived from TE sequences (Britten, 2004; Bundock and Hooykaas, 2005) . Helitronsand Mutator-like elements, which are two classes of TEs, frequently contain DNA fragments of host genomes and create novel genes by exon shuffling (Jiang et al., 2004; Juretic et al., 2005; Morgante et al., 2005) . In wheat (Triticum aestivum), transcriptional activation of a TE, Wis2-1A, causes silencing or activation of adjacent genes (Kashkush et al., 2003) . TE-derived sequences have also been identified within promoter regions of a quarter of the genes in the human genome (Jordan et al., 2003) . The TE insertion events into promoter regions could directly affect gene regulation and expression level (Yang et al., 2005; Naito et al., 2006) . TEs have accumulated genomic divergence for long evolutionary periods.
In rice (Oryza sativa), miniature inverted-repeat transposable elements (MITEs) have the highest copy number among TEs, which constitute approximately one-third of the genome sequence (Juretic et al., 2004; International Rice Genome Sequencing Project, 2005) . MITEs are short (< 500 bp) and non-autonomous elements with terminal inverted repeats (TIRs; 10-15 bp). Like other transposons, MITEs are inserted predominantly in generich regions (Zhang et al., 2000; Feschotte et al., 2002) . MITEs with poly(A) signals and putative cis-acting regulatory domains have been identified in the genomes of grass species (Bureau and Wessler, 1994) . These experimental evidences indicate evolutionary significance of MITEs.
Dissection of gene structure and the locations of MITEderived sequences in grass genomes elucidates the mechanisms and the frequency of alteration of gene structures and regulation caused by MITEs. Rice is a model plant for genome science of grasses since its genome sequence has been completely determined and genome annotation data are available (The Rice Full-Length cDNA Consortium, 2003; International Rice Genome Sequencing Project, 2005; Oyanagi et al., 2006) . By using the rice genome sequence data, efforts to identify TE-derived sequences in the rice genome have so far been made with bioinformatics approaches. Mao et al. (2000) showed the distribution of MITEs in regions near genes on the basis of a survey of more than 73,000 BAC end sequences. Sakai et al. (2007) revealed that about 2% of protein-coding genes contain TEs in their coding regions using RepeatMasker. Juretic et al. (2004) showed that profilehidden Markov models (HMMs) also allow detection of degenerated MITE elements in the genome. Investigation of MITEs with HMMs will provide further understanding of the mechanisms of alteration in gene structure, including that of regulatory regions in the genome. We mined MITE-derived sequences in the rice genome using profile-HMMs to clarify the genome evolutionary mechanism underlying the emergence of novel genes and the expansion of diversity of mRNA sequences caused by MITE insertions.
MATERIALS AND METHODS

MITE detection
We used HMMER (Eddy, 1998) to identify MITE sequences in the rice genome with the 20, 18, and 56 profile-HMMs of Stowaway, Tourist, and other MITEs built by Juretic et al. (2004 Identification of MITE insertions in exons, introns, and the proximity of genes A sequence data set of rice genes was downloaded from RAP-DB, and 20,507 gene loci supported by full-length cDNAs were used for analysis; they contained 19,836 protein-coding and 671 non-protein-coding genes. Searches for MITEs inserted in gene coding regions (TE-exon and -intron overlaps > 25 bp) were carried out with our Perl scripts. We also searched for MITEs inserted in the proximity of genes (0.5, 1 and 3 kb upstream regions and 1 and 3 kb downstream regions). The statistical significance of the observed insertions of MITEs and the distribution patterns among MITE families were examined by chi-square or binomial distribution tests.
Search for Inr, TATA box, BRE, DPE, and poly(A) signal Detection of Inr, TATA box, BRE, DPE, and poly(A) signals were carried out with PLACE (Prestridge, 1991; Higo et al., 1999 ; http://www.dna.affrc.go.jp/htdocs/ PLACE/). Core promoter elements were searched for 20 genes that have TSSs in MITE-derived sequences, and those core promoter elements existing within 50 bp upstream and downstream from TSSs were collected. Positions of poly(A) signals were investigated for about 280 genes that have poly(A) sites in MITE-derived sequences. Polyadenylation signals found in the region 50 bp upstream from poly(A) sites were considered as positives.
RESULTS
MITE insertions in the rice genome
We mined candidate MITE-derived sequences in the rice genome, and determined the precise locations of MITE insertions (e. g., exons, introns, intergenic regions). With the profileHMMs (E-value < 1E-10), 73,459 MITE-derived sequences were identified in the rice genome, which constitute about 3.9% of the rice genome sequence ( (Hirochika, 2001; Nakazaki et al., 2003) which showed that insertions of transposable elements in exons are generally deleterious. Moreover, Naito et al. (2006) showed that although de novo insertions of active MITE mPing in exons occur, negative selection rapidly eliminates them. Combined with the previous studies, our observation suggests that a significant underrepresentation of MITEs in exons is partly a result of negative selection.
Locations of MITE-derived sequences in exons
To gain further insight into alterations in gene regulation and protein-coding sequences caused by MITE insertions, we classified the MITE-derived sequences in exons into the following four groups according to their location within genes (Table 3 ): (i) 5'-untranslated regions (UTRs) of protein-coding genes, (ii) coding sequences (CDSs) of protein-coding genes, (iii) 3'-UTRs of protein-coding genes, and (iv) exons of non-protein-coding genes (UTRs, hereafter). Among 676 genes with MITE-derived sequences in exons ( total sequences (Table 3) . Consequently, MITE-derived sequences are unevenly distributed in exons of the rice genome (chi-square test, P < 0.001). This result indicates that stronger selection is acting against MITE insertion in CDSs rather than in 5'-UTRs, 3'-UTRs, and UTRs. The total length of MITE-derived sequences in 5'-UTRs was significantly smaller than that of 3'-UTRs (chi-square test, P < 0.001). This distribution pattern is consistent with a previous report (Sakai et al., 2007) , which stated that insertion of TEs in a 5'-UTR may hamper accurate initiation of translation, while insertion in a 3'-UTR seems less disadvantageous.
Transcription start sites (TSSs) derived from MITEs Among 125 and 48 genes that contain MITEderived sequences in 5'-UTRs and UTRs (Table 3 ), 18 and two had TSSs derived from MITEs, respectively (Table 4 ; Fig. 1a ). TSSs of eukaryotic mRNAs are encompassed by short DNA sequences (less than 10 bp) called initiator (Inr) elements (Butler and Kadonaga, 2002; Martinez, 2002) . In addition to Inr elements, the TATA box, transcription factor IIB recognition element (BRE), and downstream core promoter element (DPE) are key elements for accurate initiation of gene transcription in eukaryotes. These elements are located within a 40 bp region from a TSS. The length of overlap between exons of these 20 genes and MITE-derived sequences that contained TSSs was 25 to 227 bp (average 109 bp). Moreover, for these 20 genes, the length of 5' upstream MITE-derived sequences from TSSs was 17 to 301 bp (average 134 bp). This result indicates that these MITEs probably contain some of the elements involved in transcription initiation. To verify the presence of Inr elements within MITEs, we searched the plant cis-acting regulatory DNA elements (PLACE) database (Prestridge, 1991; Higo et al., 1999) for these key elements of the 20 genes. These searches revealed the presence of TATA boxes for six genes within regions 30 bp upstream of TSSs (Fig. 2a) . These TATA boxes are within MITEs. Although we could not identify other elements in the proximity of TSSs, the existence of TSSs and TATA boxes in MITEs indicate that MITE insertions have created new transcripts or modified gene regulation patterns.
Poly(A) sites derived from MITEs Out of 505 and 48 genes containing MITEs in 3'-UTRs and UTRs (Table 3) , we found 263 and 17 that contained poly(A) sites of mRNAs within MITEs, respectively (Table 4 ; Fig. 1b) . Eukaryotic mRNA precursors are usually cleaved 10-20 bp downstream of the poly(A) signal and added a poly(A) tail. For these 280 genes, we searched for the positions of poly(A) signals within regions 50 bp upstream from poly(A) sites using the PLACE database. The search identified poly(A) signals within MITE-derived sequences of 30 genes. These results suggest that insertion of MITEs creates novel poly(A) sites by supplying the MITE's own poly(A) signals. Surprisingly, we found two rice genes, Os01g0650000 and Os02g0111500, which have poly(A) signals at the same position in MITE Tourist1 (Fig. 2b) . The gene Os01g0650000 encodes a lipolytic enzyme. The biological function of the other gene, Os02g0111500, which encodes a full-length transcript (AK119503), is unknown. This finding, however, emphasizes that insertion events with the same MITE, Tourist1, have created different transcripts containing the same sequences in the 3'-UTRs, and MITE insertion could play a role in the emergence of novel genes. Splice sites found in MITE-derived sequences MITE-derived sequences contained 43 splice sites in 40 genes (Table 4 ; Fig. 1c, d) . Three of the MITEs cover two exon-intron boundaries and the entire intron between the two splicing sites. Of these MITE-derived sequences containing splice sites, only five contained CDSs. The remainder contained 5'-UTRs, 3'-UTRs, or UTRs. This result implies that alteration of splice sites in CDSs by MITEs is disadvantageous for protein function. Existence of MITEs containing splice sites suggests that MITE sequences have the potential to alter gene structure and subsequently create novel proteins.
MITE insertions in the proximity of genes MITE insertions in upstream and downstream regions of genes may affect the regulation of genes. Regulatory promoters including a set of transcription-factor binding sites exist immediately upstream of TSSs. DNA sequences with U-rich regions downstream of poly(A) sites also play an essential role for polyadenylation of mRNAs. We searched for MITE insertions within 0.5, 1, and 3 kb upstream regions and 1 and 3 kb downstream regions of genes in the rice genome (Table 5 ; Fig. 3 ). As a result, 4069 (19.8%), 6475 (31.6%) and 11,205 (54.6%) of the rice genes contained MITE insertions within 0.5, 1 and 3 kb upstream regions, respectively. For the 1 and 3 kb downstream regions, 5583 (27.2%) and 9956 (48.5%) had MITE insertions, respectively. These MITE-derived sequences in the upstream and downstream regions of genes have the potential to change gene regulation.
Insertions of different families of MITEs
To investigate whether characteristic differences in gene alteration exist among distinct MITE families, we compared distribution patterns of two large MITE families, Stowaway and Tourist, and that of other MITEs in the rice genome. The ratio of the insertions into the genome (Stowaway: Tourist: others = 31,332: 27,629: 14,498; Table 1 ) was significantly different from that into introns among MITE families (Stowaway: Tourist: others = 2837: 1434: 1052; Table 2 ). By binomial distribution tests, Stowaway was overrepresented in introns (P < 0.001), whereas Tourist was underrepresented (P < 0.001). This result implies that the rice genome has a distinct insertion preference for MITE families. On the other hand, the distribution patterns in 5'-UTRs, CDSs, 3'-UTRs and UTRs were not significantly different among Tourist, Stowaway, and others (Table 3) .
A high frequency of occurrence of MITE-derived sequences of a certain family with TSSs, poly(A) sites, and splice sites is one of the most important issues to clarify the role of MITEs in gene evolution. MITE insertions in 340 genes contained TSSs, poly(A) sites, and splice sites. For the 340 genes, a chi-square test for the number of MITE insertions of each family showed no significant difference in the frequency of occurrences in TSSs (P = 0.30), poly(A) sites (P = 0.54), or splice sites (P = 0.17). Therefore, we did not observe a significant preference for alterations within a certain MITE family. Tourist and Stowaway families were defined according to the sequence characteristics of TIRs and target site duplications. The sequence characteristics of each family could provide interesting features of MITE insertion other than alterations in TSSs, poly(A) sites, and splice sites.
For each family, MITE-derived sequences in upstream and downstream regions of genes were also investigated (Table 5) . We compared the ratio of insertion numbers in the genome (Table 1) and that in these regions (Table  5) by the binomial distribution test. For example, a statistical test between the genome and 0.5 kb upstream regions was performed with the ratio in the genome (Stowaway: Tourist: others = 31,332: 27,629: 14,498) and the upstream regions (1833: 1914: 856) . The results showed that Stowaway was underrepresented within upstream 0.5, 1 and 3 kb regions (P < 0.001) of genes. Tourist was overrepresented within upstream 0.5, 1, and 3 kb regions of genes (P < 0.001). Other MITEs were underrepresented within downstream 1 kb regions (P < 0.05). Although statistically significant insertion preferences among these families in these regions is not prominent, insertion preference observed in upstream regions of genes is interesting, because Tourist and Stowaway showed contrasting insertion preference in upstream regions of genes and introns. Additional investigations with other Oryza genomes may confirm the result in upstream regions of genes and elucidate the cause of contrasting insertion preference of these MITE families.
DISCUSSION
We carried out comprehensive analysis of the distribution of MITEs in the rice genome. This research provides knowledge about how MITEs have contributed to the alteration of gene structures and regulations. MITEderived sequences constitute about 3.9% of the rice genome. Many MITE insertions were found in gene regions, especially in introns. The number of MITE insertions in CDSs was far smaller than that in 5'-UTRs, 3'-UTRs, and UTRs. Structural alterations of mRNAs caused by MITE insertion, namely creation or alteration of TSSs, poly(A) sites, splicing sites, and introns, were found. 11,205 and 9956 rice genes had MITE-derived sequences within 3 kb upstream and downstream of gene regions, respectively. Distribution of MITE insertions in gene regions differed among MITE families.
MITE insertions have been prominently accumulated in introns (2.8%) rather than exons (0.31%) ( Table  2) . Two characteristics of MITEs can probably explain the high copy number of MITEs in introns. MITEs are preferentially found in gene-rich regions in grass genomes (Zhang et al., 2000; Feschotte et al., 2002) . However, MITE-derived sequences constitute only a small fraction of exons (0.31%). This value is reasonable because exons contain essential roles for gene functions. MITE-derived sequences in introns have probably accumulated since abnormal gametes with MITE insertions in exons were rapidly eliminated from the population. Another characteristic is the short length of MITEs (less than 500 bp). The average length of introns in the rice genome is 423 bp (The Rice Annotation Project, 2007) . Due to the short length of rice introns, insertions of TEs with long sequences (more than 5 kb) into these introns disrupt gene function (Varagona et al., 1992) . Combined with the short length of MITEs, the existence of numerous MITEs in introns detected here indicates that short TE insertions in introns rarely affect gene regulation and function.
MITE insertions in CDSs and 5'-and 3'-UTRs provide potential mechanisms for alteration of gene function and regulation. We found 20 genes that contain MITEderived sequences in CDSs (Table 3) . We searched for candidate orthologs of these genes in other species using KOG database (Tatusov et al., 2003) . Six genes had candidate orthologs with KOG annotations in other species (E-value < 1E-10). Existence of orthologs suggests that these genes would be essential for biological functions. Among these six genes, five genes have multiple copies (genes) in the rice genome with high sequence homology (BLASTP, E-value < 1E-10). Even if MITEs insert into CDSs of these five genes, other genes (copies) probably compensate for the loss of their function. On the other hand, MITE-derived sequences were identified in the 5'-UTR of 125 and the 3'-UTR of 505 genes. 5'-and 3'-UTRs of eukaryotic mRNAs play several important roles for gene expression, such as localization of the mRNA, control of mRNA stability, and regulation of translational efficiency (Hesketh, 2004; Mickleburgh et al., 2004; de Moor et al., 2005; Mazumder et al., 2005; Chen et al., 2006; Misquitta et al., 2006) . While MITEs do not change protein sequences by insertion in 5'-and 3'-UTRs, they may influence the regulation of genes by changing the sequences of the 5'-and 3'-UTRs.
Many MITEs contain TSSs, poly(A) sites, introns, and splicing sites. Frith et al. (2006) performed alignments of the human and mouse genomes to investigate whether turnover of TSSs occurred after the diversification of these species. The results showed that orthologous genes do not always have TSSs at equivalent locations, which means that novel TSSs can arise by random mutation. The relationship between turnover of TSSs and TE insertions has not been investigated yet. Our results suggest that MITE-derived sequences play an important role in turnover of TSSs, poly(A) sites, introns, and splicing sites. Although contribution of sequence characteristics of MITEs to exon-intron structure alterations is unclear, Alu repetitive elements in human frequently cause them (Sorek et al., 2002; Lev-Maor et al., 2003) . These elements can be inserted into mature mRNAs via a splicing-mediated process termed exonization. Some MITEs may have sequence characteristics that cause exon-intron structure alterations like Alu repetitive elements. The presence of many MITE insertions with altered exon-intron structures supports this hypothesis. In order to reveal the mechanism of exon-intron structural alteration caused by MITE insertion, collection of more examples and thorough sequence comparison are necessary.
Our investigation showed that 11,205 of rice genes have MITE insertions within 3 kb upstream of TSSs. Almost 25% of the analyzed promoter regions in the human genome contain TE-derived sequences (Jordan et al., 2003) . Recent studies also suggest that insertion of MITEs in promoter regions can result in a change in mRNA transcription patterns (Yang et al., 2005; Naito et al., 2006) . These studies showed that TE insertion in upstream regions of genes has the potential to affect gene regulation. The existence of many MITE insertions in upstream regions of rice genes suggests that MITEs have contributed to the evolution of regulatory regions in the rice genome. Distribution patterns of MITEs were different among MITE families in introns. Stowaway was overrepresented in introns, while Tourist was underrepresented. One possible explanation is a different insertion preference of Stowaway and Tourist. To confirm this hypothesis, investigation of novel insertion positions of active MITEs is necessary. An active rice MITE, mPing, belongs to the Tourist family. Naito et al. (2006) revealed frequent transpositions of mPing in the rice cultivar Gimbozu and investigated positions of 23 novel insertions, showing that three of them located in exons. Elucidation of more novel insertion positions will provide us with important insights into insertion preference of Tourist family. However, there has been no report of an active Stowaway MITE to date. Identification of an active Stowaway MITE would help to compare insertion preferences between Stowaway and Tourist. Another possible explanation is a difference in sequence length among MITE families. Long TE insertions tend to alter protein sequences and biological function more than short insertions. The average length of Stowaway MITEs (191 bp) is slightly shorter than that of Tourist MITEs (205 bp). The short length may have caused the overrepresentation of Stowaway in introns.
To our knowledge, this is the first comprehensive analysis that mined MITE insertions in exons, introns, and proximity of rice genes. Our results showed that a large number of genes harbor MITE insertions especially in introns and proximity of genes, and that many MITEs have caused structural alterations to genes. However, we cannot show which MITEs contributed to alterations of gene regulations and functions due to absence of biological data. Recently, the Oryza Map Alignment Project, which aims to construct and align BAC-based physical maps of ten wild rice species, has been launched (Wing et al., 2005) . The physical maps of the different rice genomes will elucidate polymorphisms of MITE insertions. Polymorphisms would facilitate the analysis of alteration in gene expression patterns caused by MITE insertions in gene regions. Our results provide fundamental data to elucidate the role of MITEs in gene evolution in the rice genome.
